Abstract Due to the limited observational datasets available for the derivation of groundmotion prediction equations (GMPEs) there is always epistemic uncertainty in the estimated median ground motion. Since the quality and quantity of strong-motion datasets is constantly increasing it would be expected that the epistemic uncertainty in ground-motion prediction (related to lack of knowledge and data) is decreasing. This article is a continuation of the study of Douglas (Bull Earthq Eng 8(6):1515-1526, 2010) for ground-motion parameters other than peak ground acceleration (PGA) and elastic response spectral acceleration (SA). The epistemic uncertainty in the prediction of peak ground velocity and displacement, Arias intensity and relative significant duration is investigated by plotting predictions from dozens of GMPEs for these parameters against date of publication for three scenarios. In agreement with the previous study, all ground-motion parameters considered show high epistemic uncertainty (often even higher than previously reported for PGA and SA), suggesting that research efforts for the development of GMPEs for these parameters should continue and that it is vital that this uncertainty is accounted for in seismic hazard assessments. The epistemic uncertainty in the prediction of relative significant duration, however, appears to be much lower than any other strong-motion parameter, which suggests that currently available GMPEs for this intensity measure are sufficiently mature.
Introduction
The consistency in predicted peak ground acceleration (PGA) and elastic response spectral acceleration (SA) for 5 % damping and a natural period of 1 s was discussed in Douglas (2010) . In that article, predicted PGAs and SAs from hundreds of published ground-motion prediction equations (GMPEs) for various earthquake scenarios (M w 6 at 20 km, roughly the best-represented scenario in global strong-motion datasets, and M w 7.5 at 10 km and M w 5 at 10 km, at the edges of most databases used to derive GMPEs) were plotted against their publication dates. The purpose of these plots was to investigate the epistemic uncertainty associated with GMPEs and to test whether this uncertainty is decreasing, which would be expected given the accumulation of new data and knowledge and improvements in regression techniques, for example. The scatter in predictions shown on such plots is a rough measure of epistemic uncertainty because, in the absence of such uncertainty, predictions of the median ground motion for a certain scenario should tend to a single value. The plots of Douglas (2010) showed that even though epistemic uncertainty seems to be reducing slightly (predictions from different models are slowly converging), there is still considerable uncertainty in estimated PGAs and SAs even for scenarios that are well represented in strong-motion databanks, and much higher uncertainties for poorly-sampled scenarios (specifically large earthquakes at short distances).
The purpose of this short article is to extend the analysis of Douglas (2010) to strongmotion parameters other than PGA and SA, which are useful for some aspects of engineering seismology and earthquake engineering. The four non-PGA/SA strong-motion parameters with most associated GMPEs are considered here, namely: peak ground velocity (PGV), peak ground displacement (PGD), Arias intensity (AI) (Arias 1970) and relative significant duration (RSD) (Trifunac and Brady 1975b) . In contrast to PGA and SA, there are far fewer GMPEs published for these parameters but there are still sufficient to enable some conclusions on their predictability to be drawn. Unlike for PGA and SA, my search for GMPEs for the prediction of these other parameters only started recently and hence it is more likely that the collection of non-PGA/SA models considered here are less complete than given in Douglas (2011) for PGA and SA. However, a thorough literature search was conducted and various reviews were studied (e.g. Bommer and Martínez-Pereira 1999; Bommer and Alarcón 2006; Travasarou et al. 2003; Tromans 2004) . Therefore, it is unlikely that many models are missing. Table 1 in Electronic supplementary material lists the considered GMPEs and gives, when possible (some of the original references could not be consulted and some authors do not provide the necessary information), their main characteristics.
In the next section, graphs are presented for the four considered strong-motion parameters and the same three earthquake scenarios as in Douglas (2010) . To facilitate comparisons with the results of Douglas (2010) the same scenarios are considered here except that separate plots are not made for broad geographical or tectonic regions [western North America; Europe, the Mediterranean and the Middle East; stable continental regions; and Japan (subduction zones)]. The dependence of PGV, PGD, AI and RSD on tectonic regime is less well studied than for PGA and SA because the vast majority of GMPEs for these parameters are derived for shallow crustal earthquakes in active regions (see Table 1 in ESM). It is likely that this lack of consideration of tectonic regime will slightly increase the scatter in the following plots. The same graph format is used to facilitate comparisons with the previous graphs for PGA and SA. For example, the ratio of the upper and lower limits of the abscissa, displaying the strong-motion parameter, is 25 and a logarithmic axis is used. As before those studies that were published in peer-reviewed international journals and give basic details of the datasets used for their derivation (criteria 2 and 3 of Cotton et al. 2006 ) and which are not being extrapolated far outside their magnitude-distance range of applicability are indicated. Because this study makes the same choices and considers the same scenarios as Douglas (2010) , only brief details are given here. The interested reader is referred to the previous article for more information.
The differences between the aleatory variabilities (sigma) associated with GMPEs for the different parameters are not discussed here. Table IV of Travasarou et al. (2003) presents such a comparison for PGA, SA(0.5 s), AI and RSD predicted by a family of GMPEs derived using a similar database, functional form and regression technique. This table shows that the aleatory variabilities for each of these parameters are similar, except for the GMPE for AI, which has a much higher sigma suggesting that AI is more intrinsically variable.
Comparing ground-motion predictions
Models have been adjusted to, where possible: moment magnitude (M w ), distance to the surface projection of the rupture (Joyner-Boore distance) (r jb ), vertical-dipping strike-slip faulting and the geometric mean of the two horizontal components. These adjustments were made using the approaches of Bommer et al. (2005) using: for PGV and PGD, style-offaulting and component definition factors of Campbell and Bozorgnia (2007) and for AI, style-of-faulting and component definition factors of Stafford et al. (2009) . 1 For the conversion to M w from surface-wave magnitude (M s ) the equation of Ambraseys and Free (1997) was used. Local magnitude (M L ), and other magnitude scales, were assumed equal to M w . Harmonization of models is not always possible due to a lack of information in many of the original references on, for example, definition of horizontal component and magnitude scale. This means that the predictions could be in error by roughly 20 % but this will not alter the overall trends, which are the focus of this article (the reader should not seek to over-interpret details in the graphs). The size of the rupture plane and other additional parameters needed to evaluate some of the models have been computed using the methods given in Chapter 7 of Campbell and Bozorgnia (2007) . To compute the epicentral and hypocentral distances the hypocentre is assumed to be at one end of the fault at a depth of 10 km and the site half way along the fault. Some authors seek to model epistemic uncertainty in ground-motion prediction by proposing more than one set of GMPEs, e.g. by providing coefficients for different functional forms (e.g. Stafford et al. 2009 ). Predictions from each of these variant GMPEs are included here.
Because it is roughly the best-represented scenario in global strong-motion datasets the first scenario considered is a M w 6 strike-slip earthquake at r jb = 20 km on a site classified as NEHRP class C (Eurocode 8 class B) (V s,30 = 490 m/s). If epistemic uncertainty in the prediction of ground motion is decreasing then it should be visible for this scenario since it is where available observations are most abundant and hence GMPEs should be the best constrained. The other two scenarios considered are: M w 7.5 strike-slip earthquake at r jb = 10 km, for which there are still few available data, and M w 5 strike-slip earthquake at r jb = 10 km, which is at the lower edge of most datasets used for the derivation of GMPEs, for the same site conditions. It is expected that epistemic uncertainty (and hence scatter in the predictions) will be higher for these two scenarios compared to M w 6 at r jb = 20 km due to the lack of observations and uncertainty over near-source magnitude-scaling, for example. The following sections present the results for the four parameters in turn. As a measure of the dispersion in the median predictions the standard deviation of the common (base 10) logarithm of median estimates for each five-year interval are computed, although because of the limited number of GMPEs this statistic is quite unstable.
As for the analysis shown in Douglas (2010) the median ground motion for the considered scenario obtained from a large (over 13,000 records from over 2,500 events) strongmotion database [the data from the Internet Site for European Strong-motion Data (ISESD) (Ambraseys et al. 2004 ) with the addition of many accelerograms from western North America and elsewhere] is plotted at all dates. The median should track the predictions, since similar databases were used to derive the GMPEs published up to that date, and the variability in the median should also show a reduction, since more data are being used to compute the averages. The variabilities of the medians are computed here by dividing the standard deviation by √ n, where n is the number of records used to compute the standard deviation. The medians and their variabilities were computed by considering the available records within 0.5 − M w units and 10 km of the scenario of interest and excluding a consideration of local site conditions and style of faulting. It could be argued that these bins are too broad and that a consideration of local site effects should have been made. However, given the limited data available, particularly for M w > 7, narrow bins would lead to statistics based on few records from only a handful of earthquakes. The median ground motions computed from averaging data within broad bins should not be strongly affected by the width of the bins but the variabilities of these medians may be slightly overestimated. The uniform filtering applied to the strong-motion databank used here (bandpass filtering with cut-offs of 0.25 and 25 Hz) means that the PGV and, especially, PGD observations obtained from this databank are likely to be incorrect. The averages of these PGV and PGD observations, however, are added for completeness. AI and RSD from these records, however, are likely to be little affected by the uniform filtering.
Peak ground velocity
Because of its various uses in earthquake engineering (Bommer and Alarcón 2006) and its simplicity, following PGA and SA, PGV is the best served by GMPEs and 96 models were identified and programmed, many of which also provide coefficients for the prediction of PGA and SA. The predicted PGVs and median PGVs from the strong-motion databank for the three considered scenarios are shown in Fig. 1 (some predicted PGVs are off the top or bottom of these figures, often because the GMPEs are being extrapolated far outside their range of applicability). These figures show that the dispersion in predicted PGVs from different GMPEs is large (the ratio between the smallest and largest predictions is greater than ten) and that this scatter is not obviously reducing with time (even when considering only models passing basic quality-control criteria), particularly near to large earthquakes. The standard deviation of the common logarithm of median estimates for each 5-year interval are around 0.2 for M w 6 at r jb = 20 km and M w 5 at r jb = 10 km and around 0.3 for M w 7.5 at r jb = 10 km. Also roughly constant are the average PGV predicted by the models over time. The median observed PGVs are similar to those predicted by the GMPEs although lower for the M w 7.5 scenario. A similar conclusion was also noted by Douglas (2010) for PGA and SA(1 s) for large earthquakes, which was related to a number of recent large earthquakes (e.g. Chi-Chi 1999; Kocaeli 1999; Denali 2002) showing lower than expected ground motions (e.g. Ellsworth et al. 2004) . Filled red circles indicate models published in peer-reviewed journals, for which basic information on the used dataset is available and which are not being extrapolated far outside their range of applicability. Numbers correspond to those given in Table 1 in ESM. Also shown is the median PGV within 5-year intervals (black line) and the median ±1 standard deviation (dashed black lines) based on averaging predictions. Finally indicated is the median PGV (solid blue line) and its 16th and 84th confidence limits (dashed blue line) based on averaging records up until that date (see text for details). Note that the selection criteria and the fact that the database used to compute these averages has not been recently updated mean that the blue lines end before 2012. a 
Peak ground displacement
Because of the difficulty in obtaining reliable PGDs from analogue (and even digital) accelerograms and the limited use of PGD in earthquake engineering, there are only 19 published GMPEs for PGD, which are typically associated with GMPEs for PGV. Although of limited use in most fields of earthquake engineering, the robust prediction of PGD would help constrain the long-period (>2 s) response spectral displacements because these must converge to PGD at very long periods (Faccioli et al. 2004 ). The predictions from the GMPEs for the three considered scenarios are shown in Fig. 2 . These graphs show the large dispersion in predictions of PGD, especially near to large earthquakes. This dispersion is probably due in large part to the difficulty in recovering reliable displacement traces from strong-motion records because of their high sensitivity to processing (e.g. low-cut filtering) (e.g. Paolucci . The observed PGDs match the predictions reasonably well for the smaller magnitudes but they are considerably lower for the M w 7.5 earthquake, which is probably since the application of a low-cut filter with a corner frequency of 0.25 Hz is likely to lead to significant loss of the true long-period energy from such large events.
Arias intensity
As noted by, for example, Travasarou et al. (2003) , AI has a number of uses in earthquake engineering, particularly for slope stability analysis and liquefaction assessment. These uses have motived the development of, at least, 33 GMPEs, including variants, for AI. Some of these GMPEs only give the value of the integral and not the complete expression for AI; for these the constant π/2g was included when plotted. The predictions from these 33 models and the median observed AI for the three scenarios are plotted in Fig. 3 . The standard deviations of the median predicted AIs are around 0.4 for M w 5 at r jb = 10 km, around 0.3 for M w 6 at r jb = 20 km and around 0.2 for M w 7.5 at r jb = 10 km. This implies that the epistemic uncertainty in the prediction of median AI for larger earthquakes is lower than that for smaller events, which is counterintuitive since there are far fewer available records for this scenario. Two possible reasons for this observation are that regional differences in AI, modelled within local GMPEs, are stronger for smaller events, and that current GMPE developers for AI have concentrated their efforts on the prediction of AI from large earthquakes. AI was not considered by the NGA developers (Power et al. 2008 ) and, therefore, there is perhaps a requirement to develop a new generation of models for the prediction of this parameter; there have been some recent attempts in this direction (e.g. Foulser-Piggott and Stafford 2012).
Relative significant duration
As noted by Bommer and Martínez-Pereira (1999) , many dozens of definitions of strongmotion duration have been proposed, which give widely ranging values. The definition of duration that is most commonly used in earthquake engineering (and consequently for which there are most GMPEs available) is the relative significant duration originally defined by Trifunac and Brady (1975b) as the interval between 5 and 95 % of the total Arias intensity. Despite its various uses (e.g. Kempton and Stewart 2006) , e.g. in liquefaction evaluation, only 15 GMPEs have been identified in the literature for the prediction of this parameter. Figure 4 present the history of the predictions from these 15 models and the median observed RSDs for the three scenarios. The epistemic uncertainty in the prediction of median RSD is much lower than for the other ground-motion parameters considered here (the standard deviation of the median predicted RSDs in the past five year is less than 0.1 even for large earthquakes). This suggests that, either: a) epistemic uncertainty in the prediction of this parameter is being under represented by the different models (because they often use similar databases and functional forms) or b) this parameter is easier to predict than the other intensity measures. The widths of the confidence limits for the median observed RSD are narrower than the confidence limits for PGV, PGD and AI (and those for PGA and SA(1 s) shown in Douglas 2010), which hints that the epistemic uncertainty in the prediction of RSD is truly lower than for these other parameters. This could be because the physics underlying the relative duration characteristics of earthquake shaking (e.g. rupture time and wave dispersion and scattering) are perhaps easier to capture in a simple functional form compared with the physics explaining strong-motion amplitudes, measured by the other parameters.
Conclusions
There have been recent studies (e.g. Baker 2007) applying vector-valued probabilistic seismic hazard assessment (VPSHA) (Bazzurro and Cornell 2002) for the joint prediction of pairs of parameters other than PGA and SA. Recently, Gehl et al. (2011) present a method for the derivation of structural fragility functions of more than one intensity measure, which could be coupled with VPSHA for vector-valued risk evaluation. For this type of study the relative uncertainties in the prediction of each parameter are important. This article suggests that the epistemic uncertainties in the prediction of PGV, PGD and AI are higher even than those evidenced by Douglas (2010) for PGA and SA. For PGV and AI, this larger uncertainty is probably principally due to lesser research effort having been made in the development of GMPEs for such parameters compared to PGA and SA. Although both parameters have recently been the subject of various articles, e.g. the NGA developers also developed models for the prediction of PGV. The instability in PGD predictions is due to both lack of research interest in the development of GMPEs for this parameter, because of limited engineering applications, but also because PGD is inherently difficult to recover from strong-motion records due to its sensitivity to low-cut filtering (e.g. Boore and Atkinson 2008) . The epistemic uncertainty in the prediction of RSD, on the other hand, seems to be lower than that associated with the prediction of any of the other parameters, which could encourage more consideration of this parameter within earthquake hazard and risk assessments for which it has various engineering applications.
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